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Abstract 

We study the ’t Hooft coupling gt and the mass splitting of 
the ground-state baryons in a chiral quark model inspired by the 
large W QCD. Depending on gt the Hartree wavefunction of light 
quark in baryons is used to map the mass hyperfine splittings for 
the octet and decuplet baryons. The ’t Hooft coupling gt that 
reproduces the data of baryon masses is determined to be around 
1.57, which is small in the sense that gt/{‘i'KNc) <C 1. 
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1 Introduction 

The’t Hooft’s idea [1] that Quantum Chromodynamics (QCD) simplihes in 
the limit of large number of colors, W, had proven to be a valuable tool 
for exploring strong interaction[2l |3]. With the l/W expansion of QCD, the 
qualitative explanations can be given for, for instance, the Okubo-Zweig- 
lizuka rule, the Regge phenomenology, the soliton picture of baryon[2], the 
contracted SU{2nf) spin-flavor symmetry[l] of QCD, and the spin-flavor 
structure of many baryon properties[5l El [TJ [H [9]. The existences of the 
smooth limit of QCD at W ^ oo, with g‘^Nc fixed( 5 ' is the QCD coupling 
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constant), has been stndied and confirmed via lattice simnlation of SU{Nc) 
gange theory [TUI [TT[ [TU] (see also [13] for a recent review). 

It is hard, however, to say on theoretical gronnds whether 1/Nc = 1/3 
can be considered small in real world where iV/ = 3 withont actnally solving 
QCD for finite Nc- This is so becanse the answer depends crncially on how 
large are the coefficients companying with the expanding parameter l/iV),, 
the ’t Hooft’s conpling = g'^Nc, which is assnmed to be fixed to ensnre the 
SU{Nc) QCD(the one-loop gluon vacuum polarization, for instance) to have 
a smooth limit as Nc tends to infinity. As argued recently by Weinberg[14]. 
the ’t Hooft’s coupling gt may not be small at moderate energies such as the 
scale of rrip since the masses of the p mesons rrip is of order of Aqqd fo the 
chiral limit. Combining the 1/Nc expansion of QCD with the early idea of 
the chiral theory [131 US], Weinberg proposed a large-chiral theory [T4] of 
quarks, gluons, and pions which is effectively renormalizable to leading order 
of l/Nc- He suggests that such an effective field theory, with a small value 
of the ‘t Hooft coupling gt at moderate energies, may explain why the naive 
quark model are so successful. It remains unknown how small gt could be in 
the effective theory. 

The purpose of this Letter is to estimate the value of the’t Hooft coupling 
gt in the quark picture of baryons with pion included. We determine, in 
a large-W chiral quark model that is inspired by the Weinberg’s large-W 
effective theory, the’t Hooft coupling by computing the mass splittings of the 
ground-state octet and decuplet baryons with the help of Witten’s Hartree 
picture and mapping them to the data of baryon masses. The ’t Hooft 
coupling gt is found to be about gt — 1.57. This infer that when pion enters 
in the quark picture gt can be considered small in the sense that 5'//(47rW) ^ 
1 . 

The model we utilized here is a potential version of the large-W effective 
theory [IT] where the gluon interaction is effectively described by the Hartree 
potentials with the form of the coulomb plus string potential. Conceptually, 
it resembles the (topological) chiral bag model [IT] in the sense that the 
role of bag is played by the string-like confining potential, with the chiral 
symmetry implemented via the quark-pion interaction. 


2 Confined quarks in baryon at large Nc 

Inspired by the large-A^c QCD and the chiral theories [T4]. we use a large-A^c 
chiral model of baryon [TU] HU] in which each of quark qi{i = 1, • • • , Nc) in 
baryon moves in the confining Hartree potential of all Nc — l others, coupling 


2 


with the pion in an invariant way under chiral symmetry. The model is 

jrBaryon ^ - {niq + S)U 5 - 7°Vd]gi x 

where ruq is the effective mass of the light (up or down) quark qi and 
(S', Vgi U 5 ) are the Hartree fields experienced by qi, created by all other quarks 
in baryon. The scalar and vector interactions, S and Vq, stand for the ef¬ 
fective QCD gluon interaction, which can be approximated by the string 
potential and the one-gluon-exchange(OGE) interaction, while 

U5 = exp{2i'y^T ■ Tz/f^), 

is the chiral interaction that g* is involved, with the pion decay constant. 
The chiral dynamics of the pion mesons tt is chosen, for simplicity, be the 
Skyrme LagrangianjlSj. 

= lltr{d^Ud>^U^) + ^tr[d^UU\ d^UU^f, (2) 

with the chiral field U = exp(2iT • Tz/f-jr) being the nonlinear representation 
of the Goldstone bosons, UW = 1. Here, and the self-coupling l/e^ of 
the chiral field scales like \/iVc, while 17(thereby U^) ~ 0{1) in the l/N^ 
expansion. We note that the adding[T^ of the term qU^q in ([T]) is used to 
restore chiral symmetry q —)■ under which U 5 —>■ . 

The model o is invariant under chiral symmetry and can be viewed, 
in a sense, as a potential version of the large-W effective theory [H] in that 
instead of using gluon interaction, we use the Hartree potentials S and Vq 
to effectively describe the flavor-independent part of the color conhning in¬ 
teractions between the valence quarks in baryon, which are assumed to arise 
from the gluon interaction at long and short distance limit, respectively. For 
the explicit form of S and Vd in ([1]), we choose them to be of the string-like 
and one-gluon-exchange 


S = (TstringT, Vq = fcas(r)/r, 


(3) 


with astring the string tension, agir S> 1) = ~ Here, fc = 

^{Nf, — 1 /Nc) is the color factor for the quark-antiquark interaction in its 
color singlet conhguration. It comes from the formula 


, 1 /A” A“ A 

i 2]V, 
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which becomes 4/3 when Nc = 3. Obviously, fc^s ~ 1 +Cl(l/iV/) for large 
N,. 

For the string tension a string in ([3]), one known from the SU{Nc) gauge 
theories on lattice m that y/(Jstring/Qt = 0 {1), up to a 1/iV/ correction. 
Thus, the Hartree potentials ([3]) scale as 0(1), being consistent with the 
argument in [2]. Note that ~ 1 since the baryon mass grows 

linearly with iVc[2]. 

We describe our treatment of the strong coupling as in ([3]) as follows. 
With Uf quark flavors and the quark masses much less than the momentum 
transfer the strong coupling ag is running with Q, in lowest-order QCD, 
like 

^ “ (lliV,-2n,)ln(Q7A|^J’ 

Since Aqqd — 250MeV, as{Q'^) is small for > IGeld^, but for any Nc>2 
the above perturbative formula diverges as Q —)■ Aqcd, which signals the 
onset of conhnement. Since in the soft regime we are working we cannot avoid 
this divergence, we need to regularize as(Q^), by assuming[20], for instance, 
that it saturates at some critical value acriUcaiiQ"^) as Q —)■ 0. In the work 
[20] , the running behavior of has the form of Ylk=i “fc erf( 7 ;i,r) in the 

coordinate space through the Fourier transformation, with erf(a;) the error 
function. We parametrize this behavior in a simple form 


as{r) = acriticaitanh {{r/df) , 


_ _ 9^ 

(^critical . . ,,-5 

47r 47rA'c 

with d the infrared cutoff ( 1/Aqcd — ^GeV ^). The potential Vq in 

with as{r) specified by (jSD, is shown in FIG.l. 


(5) 

( 6 ) 


FIG.l. The chiral angle profile given by (|14h and the effective potential Vg{t) as 
a function of radial distance r in fm. 
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Inclusion of the second (Skyrme) term in (|5]) may raise issues of double 
counting of baryon^, since the purely pionic part of the Lagrangian [1] can 
have Skyrmion solutions, with masses of order A'"c[2], in addition to the Nc- 
quark states described above. Here, the nontrivial solution of the Skyrme 
Lagrangian ([2]) carries a topological charge [TBl I2T] known as baryon num¬ 
ber, which may violate the baryon number B = 1. This is the case if one 
ignores the nontrivial vacuum effect that may arise from the spectral asym¬ 
metry of the quark states. However, as Rho et. ah [221123] noted, the quark 
spectrum is not symmetric about zero energy and therefore that the quark 
vacuum can carry nonzero baryon number, 

=-^^hm (7) 

n 

where the sum is taken over all positive- and negative energy single-particle 
eigenstates of quark with the level En- 

While no general proof is available, we argue, by analogy with the proof[23| 
in chiral bag model, that when applying ([T]) to a baryon the contribution B^ac 
to baryon number from the quark vacuum polarization (spectrum asymme¬ 
try) due to the nontrivial boundary conditions and the contribution Bsk from 
the Skyrmion conceals exactly, B^ac = —Bsk, leaving a unity baryon number 
in total, B = B^ac + Bsk + B^g = B^g = 1. Here, the baryon numbers carried 
by pion are dehned[T8l 1231 [2T] as 

r IT 

B^= ^e^’^Hr[U^d,UU^d,UU^dxU]. (8) 

where W is the region pion field exists. The grounds for the analogy with 
the chiral bag comes from the observation that the numbers in ([7]) and ([H|) 
are topological in their nature in the sense that they are invariant upon 
smoothly varying of the solutions to the model ([T]) insofar as the boundary 
condition for q and U remain intact. The cancellation identity B^ac = —B-,^, 
which is valid for the chiral bag[21], remains intact as one smoothly varies 
the solution to ([T|) to that of the chiral bag, corresponding to varying of the 
conhning potentials S and Vq into that of bag. 

^This has already been discussed in Ref. m, where a way is shown that binding a 
second pion can be avoided. In Ref. [14] , Weinberg argued that the contribution from 
quark loops in addition to the tree approximation for purely pionic interactions has to 
be taken into account at moderate energies of order Aqcd probed in the structure of 
Skyrmions, and this contribution may invalidate the argument of baryon number double 
counting. 
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3 Hartree wave function of quark in ground 
state baryon 

The Hartree picture for a baryon suggests a Hamiltonian being the sum of 
Nc identical quark Hamiltoniansand the baryon wave- 
function T(a:i, • • • ,XAr) being the product of the single-quark wavefunctions 
g(a;j)(the antisymmetric color part is not included here), 

n Nc 

. , (9) 

1=1 

which becomes exact at iVc —)■ oo limit [2]. Here, is the effective Hamilto¬ 
nian of a single quark in Hartree potential, and is taken, in this work, to be 
the corresponding Hamiltonian associated with (ITl) . 

To determine T, one has to make stationary the variational functional 
— -E|T), or equivalently, — Vce|\k) where e is the en¬ 

ergy of a single quark in the Hartree potential. If we denote the Hamiltonian 
associated with ([T]) by yP + with the Lagrangian of a single quark 
in baryon, the Hartree picture, to the leading order of Nc, suggests a Hamil¬ 
tonian of baryon 

yBa^yon = n\xi) + y^, (10) 

' •^i=l 

y^^\xi) = -ioL ■ Vi -h 7 °(mg -F S{xi))U^{xi) + Vcixi), 
yx = iftrYUd^U^) + j^trlYU^dY^ - 

with S{x) and Vg{x) given by ([3]). Here, y^ is the Hamiltonian associated 
with Lagrangian 02]), Xi is the coordinate of the f-th quark, while the collective 
chiral field U = U{x) depends only on the coordinate x of the Goldstone 
boson. Keeping the iVc-dependence of and in mind, one readily sees 
that y^ ~ 0{Nc), so that 'U^aryon ^ argued by Witten[2]. 

We consider the two-flavor case of baryons with nontrivial conhgura- 
tion of chiral held of pions. For this, we use the hedgehog ansatz for the 
chiral held in fflll]) . U{r) = exp[iK(r)T ■ f], where r originated at the mass 
center of baryons. Writing the quark wavefunction (with the antisymmet¬ 
ric part of color ignored) as g = ^(G(r), —iF(r)cr-f)*y;j„j(6*</9)xj, with 
D = 1/[J dr^G"^ + F"^)], the Pauli spinor and Xf the havor wavefunction, 
and using flTU]) and ([2]), one can rewrite the functional 
in terms of the single quark wavefunction q. The result is 

jjBaryon ^ ^ M^’^/Nc], (11) 
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where 


M^ = D^J dr {F^ -G^ + fGF + {mg + S) cos Y(G^ - F^) 

+fe(G2 + F2)}, 

(f )= + 2Wy (l + (§r) + ^ 


( 12 ) 


with z = r !L = e/^r and —k the eigenvalue of the grand spin operator 
K = 7°[I] • (r X p) + 1] corresponding to the eigenstate yijm- 
The equation of motion of ffTT]l for the S-state(/ = 0) is 

f + fG = [e, + {Lmg + LS) cosF - LVg]F, 

-f + cosF - LVg]G, 

with Eg = Le, LS = z/icsUa)"^, LVg = fcds/z, and a = Xjstring- 

Before solving flT^ one has to know Y{z), which is coupled to {G,F) 
through the term qlJ^q {G^-F^) cos in fjl2p . We use adiabatic approxi¬ 
mation to determine the static Skyrmion prohle first and then solve fll3p for 
{G,F). A good fit of the hedgehog Skvrmionj25j was given by that of the 
kink-like [26l 127] 

r(z) ~4arctan(e-^-°°2^), (14) 

which is obtained by minimizing the energy functional M^’‘[Y{r)] in flT^ to 
the value = 73.62/^/es, and does not depend upon the parameters 
and Eg- This is comparable to the result in Ref. [25]. The 

plot of the profile ffTT|) against r = z/{esf-,r) is presented in FIG.l. 

Given the coupling (|5|) and the prohle ffTT|) . one can solve the equations 
ffT3|l numerically in the case W = 3 for the parameters in Table I. The result 
for the spinor wavefunction {G, F) is given in FIG.2. 

TABLE I. The parameters of the chiral model. The parameters marked 
by asterisk are inputs from the data, and acriUcai= 


Parameters 

This work 

CI[20| 

ChBM[I7j 

SK|25| 

Nc 

3* 




Gs 

3.80 


4.51 

5.45 

9t 

1.57 




mg= mud{MeV) 

282.8 

220 

330 


ms{MeV) 

471.3 

419 



Zero-point (GeR) 

-2.1989 

-0.615 

0.170(bag const.) 

Smearing cr(GeR) 

1.0382 

1.943 



cutoff d (GeR“^) 

1.77 

5.00(1/A„cd) 


UMeV) 

93.0* 


93* 

64.5 

^string{GcV ) 

0.0655 

0.15 
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FIG.2 The spinor wavefunction (G,F) against the radial distance r (fm). 


FIG.3. The nonrelativistic wavefunction of the light quark against r (fm). 

It is useful to reduce the spinor wavefunction of quark into its nonrela¬ 
tivistic form. It can be given by 

+ F(,f/G(r)y■'^ (15) 

which satisfies the normalization f = 1, and is plotted in 

FIG.3. 

We note that the isospin symmetry is implicitly assumed here so that 
the masses of the up and down quarks equal, nig = niud- The parameters 
are compared to the corresponding quantities or the counterparts that used 
in the other calculations. The solution flT5|l gives a leading order approxi¬ 
mation to relativistic quark wavefunction. It will be used to compute the 
mass correction arising from the strong hyperhne interaction(~ 1/fVc) in the 
perturbative framework in the section 4 and 5. 



4 Mass splitting from hyperfine interaction 
at order l/Nc 


Being of the order iVc[2], the Hartree interactions in ffTOj) and (ITT]) discussed 
in the section 2 and 3 is not sufficient to map the baryon mass splitting 
in the real world(l/iVc = 1/3) which has to be considered as a subleading 
correction to the Hartree approximation of baryon. In fact, with the help 
of the large iV/ consistency conditions]!] [28], Jenkins [29] shows that baryon 
mass splittings are proportional to J^( J is spin quantum number of baryon) 
and hrst allowed at order l/Nc- One of striking illustrations for this is the 
Skyrme model, where the mass splittings, due to rigid rotation of soliton, are 
proportional to ,7^/A^.~[25]. 

Following the non-relativistic quark models [301120] . we consider the spin- 
dependent pairwise interaction between quarks in baryon which is inspired 
by the Breit-Fermi interaction of QED]!!], and thereby study the hyperhne 
mass splitting of baryons. The hyperhne splitting part of the Breit-Fermi 
interaction inspired by QED reads [30] 


= E 3^ {f ■ f«)( 

icij j V Lj 


Sj ■ Yij) Si ■ Sj^ 


(16) 

To the Hamilton (ITO]) . which scales like Nc, we add the following two-body 
hyperhne interactions. 


with 





Nc 





i<j=l 


fcC^sjrjj) 

mifrij 







(17) 


(18) 


where m*, Sj are the mass and spin of the i-ih. quark in the baryon center-of- 
momentum frame, and = r* — are the relative coordinate of the quark 
i and j. From flTTD and f[TS]l . one can check that 77®^ ~ 1/iVc for the low-spin 
states with the baryon spin J -C 77^/2, if we notice that the sum in flTT]) (put 

mu ~ mrf), 

Sj ■ Sj 1 

nriimi 2ml 
i<j “ 



J(J + 1) 


SNr. 


(19) 


becomes [j{j + 1) — 3iVc] /(8m^) for J = j/2 -C Nc/2 and [Nc{Nc — 1)] /(8m^) 
for J = Nc/2, which grows like N/ at large Nc- However, we emphasize that 
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the later case does not indicate that the perturbative method fully fails for 
J ~ iVc/2 with Nc = 3 because in that situation flT^ is 9/(2m„)^ ~ 1. 

The factor l/(iVc — 1) in flT7|l comes from the generalization of the ” 1/2” 
rule [321 |33] for pairwise interaction of quarks in a baryon to the A'^c-body 
cases. The "1/2" rule claims that the pair potential between two quarks in 
a baryon is half the quark-antiquark potential in a meson. Intuitively, it says 
that two quarks in a baryon can be seen, when they come closer together, 
as a localized 3 source which is equivalent to an antiquark as in a meson. 
Sharing the 3 source by the color charge of each quark, the ”1/2” rule follows. 
For the same reason, Nc — 1 quarks in a baryon consists of Nc quarks appear 
as a Nc source which is equivalent to an antiquark, and the factor l/(iVc ~ 1) 
in flT7|) follows when the Nc source is shared by each of the — 1 quarks in 
the Nc source. 

The delta function in fflSj) is to be smeared [20] by 




O' 


-r') = 


a 


o 


3/2 


e-4h-r')^ 


TT' 


( 20 ) 


While (Tij are sensitive to the flavors of quarks for meson, it 
baryon [20]. Thus, for baryon, one can replace aij by a single 
cr: p^ = 

By adding ([TT]) to (ITT]) , one has 


is not for 
parameter 


Baryon _ jy 


+ 


MSk 


+ M"*, 


( 21 ) 




( 22 ) 


The expectation value is taken over the nonrelativistic state \B) of baryon be¬ 
cause the operator (ITTI) . analogous to the Breit-Fermi term of QED, is defined 
over the subspace which consists of the nonrelativistic wavefunction(denoted 
as T^). As a nonrelativistic approximation, can be given by 


n Nc 
1=1 




(23) 


with Xsf fhe SU{6) spin-flavor wavefunction of baryon. Given with the 
one-body orbital wavefunction / solved form flT^ . one has 


M"" = {^b\'W\^b)- (24) 

For the S-wave of baryons, the second term in fllSp vanishes. Before 
computing (1241) we smear the delta function in (ITS]) , considering simulta¬ 
neously the r-dependence of as{r) in ([5|), according to the Breit-Fermi-like 
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interaction [20], 3 ^’^^ ■ Sj'V‘^Vint- This can be done by simply rewriting 

as5{vij) in the form of the Laplace expression (—as(rjj)/47rrij) at hrst 

and then smear 6{rij) with p^. Using flTSl) one has for the mass splitting fl2T|) 




Kj 


^ 3(iVc — l)mimj 




i<j 


Si • Sj 

mirrij 


(25) 


where Q^(r) = acriti^ ■ <i(r) is given by Q, with 


a(r) = taiih((r/h)^), 


(26) 


and 


A. 


V 


9?(l + l/iVo) / ,, 

3/V. 




(27) 


Here, |ij) = |i^(g:i)4l„)l'^(%)»!ti> with l'^(2^i)»!jL) the spatial and spin 
wavefunction of the i-th quark, and the relations fl22]) . ([S]) and fc<ycritical = 
5f^/(87r)(l — 1/iV^) are used. Noticing the mathematical identity 





a{r)5^{r) 


(Pair) / dr"^ 
dvrr 


(28) 


and making replacement 5^(r) —)■ p^ir) subsequently, one has the smeared 
results for (1271) . 


A, 


+ Wc) 

QNc 




(29) 


where (see appendix A). 


A 


o 

( 2 ) 




j j drirldr2rl\(f)iiri)\^\(f)jir2)\^ 
j j drirldr2rl\(j)iiri)\‘^\(j)jir2)\‘^ 


a 


3g-o-^(rf+r|) 


1 

dvr 


7]-3/2 

^(ri.rr), 


C7i(r,,r2), 


(30) 

(31) 


and 


Ui(ri,r 2 ) = “a ((rf + — 2 rir 2 u)/d ?), 

-+1 J a' i{rl+rl-2rir2u)/d?) 


U2ir,,r2) ^ Tt du-^ 

VP- 


(32) 


Here, a(r) is given by fl2^ and a” = d'^a{r)/dr‘^ its second-order derivative, 
and stands for the solution flTHD . solved with the mass rriiii = u,d). 
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Ignoring the isospin breaking, one can replace (m = 1, 2) by a single 
parameter ~ A^"^\ and thereby hnds 


^ (1 + l/Nc) . ( 1 ) _ ( 2 ). 


(33) 


with given by fl5U]l and ([21]) • From the equations fl2BD . fl5U]) . fl2T]) and 

dSlD, one can easily see that A at large -A^c* 

Putting fl25l) into flTTll . we obtain 


Nc 

J^Baryon ^ ^ j^Sk + ^ ( 34 ) 

rrijmi 
i<j=i * J 

with M°, given by flT^ and A by fl33ll . Notice that fl32D has the form of 
expansion = a^Nc + ai/N^ since ~ Nc and A ~ 1/A^"c. This is 

exactly what the large-iVc QCD predicts[2n] for the SU{3)f symmetry limit. 

5 Extension to three flavor case 

In order to determine the’t Hooft coupling, we need more informations about 
the baryons than the two-flavor case considered in preceding sections to hx 
the parameters in ([ID. For this purpose, one has to extend the formula 
fl34p into the three flavor case which includes the effects of the flavor SU{3) 
breaking. One convenient way to do this is to attribute the SU{3)f breaking 
simply, as the naive quark model, to the mass differences of the quarks be¬ 
tween strange and non-strange flavors, including the resulted differences of 
the single-particle mean-held energy = u,d,s) for quarks, dehned by 

dH- 

We introduce the strange quark mass m* (bigger than mud) so that the 
mass difference mg —mud breaks the havor SU{3) breaking explicitly. Instead 
of computing the strange quark mass directly using the bound state 
approach to strangeness |34j. for instance, one can determine it by simply 
htting the data of the mass difference between A and nucleon. We then 
generalize the mass formula 0341) into 


Nc 

j^Baryon _ E 
i=l 


Nc 

^^ mimj 
i<j=l * J 


(35) 


where A and are taken to be same for three havors {i = m, d, s) including 
the strange quark, = ]{fNd) ^ jg (Jeg^ed in flT^ . By applying fl35D 
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to A = uds and nucleon and eliminating the mass splitting, one has = 
M(“) + 5 Ma_jv, which gives (with the experimental data = 175MeV) 

~ + 17bMeV. (36) 


The relation fl35p is to be compared with the ground-state mass formula 
of the nonrelativistic quark model [HUl 135] 


M = rrii + A' 


• Sj 


^' ruimj 
i=l i<cj=l ^ 

with A' = (2mMd)^50MeV", and that of the Skyrme model[36 
M = -h 


(37) 


/ 1 

1 ^ 

9 1 

r N^] 

— 


1 J H - 

^p,q c 

V2Ji 

2/2 y 

2I2 

12 _ 


(38) 


with the Casimir operator and Ii ^2 ~ A), the moments of inertia of 
sohton(Ji = 53/(/^e^) and I 2 = 19.5/(/^e^), approximately). 

We will show that fl35D and can be understood in the context of 
large-W QCD, which claims HEH] for the SU{3)f breaking case, 


j2 

M = aoNc + A biepT^ + - !-•••. (39) 

Here, ep is the SU{3)f breaking, = (A^,-W)/\/l2, = (J*-3Ji)/\/l2, 

J* and J* are spins of the baryon and strange quark, respectively, and Ng 
the number of the strange quark. This can be seen if we notice the relation 
dH for two flavor case and its generalization of the three-flavor case. 

The three-flavor generalization of the relation flT^ can be given, for the 
strangeness= —Ng baryons, by 


E Nc Si'Sj 

i<j=l rriimj 


/^22k. _ 1 ^ s^Nc-Ns Sfc-s^,/ I 

yrriq j 2-^k<k'=l nigms ' y 


1 


rriqms 


J{J+1) 

2 


3Nc 
8 ’ 


Sl'Sj/ 

m2 


then, when adding of the extra contribution Ng{M^^'^ — M^“^) to the order-W 
mass NcM^ stemming from the strange-up energy difference 6 M = — 

mw, one hnds for the baryon mass formula fl35|l with three flavors 


MBaryon = + 


J^Sk _ 3(AA);) 
8m,m„ 


+ + NJM 


rUg 


rUn 


lU 


'N^-Ns 

E 


Sfc ■ Sfc' 


frinrag 
.k<k'=l ^ 


2 mqmg 

N, 

E 

i<r=i 


S/ ■ Sji 


mt 
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(40) 





















where the small indices k and k' refer to the non-strange quarks (m and d), and 
the capital indices to the strange quark, = niud-, 5M oc ep cc — ij. 

From (Hni) . we see that the third term scales like 1/Nc the fourth like ep, 
and the last scales as ep/Nc, corresponding to the second, the third and the 
fourth terms in fl5^ . respectively. We note here that 6 M is of order 0{1) 
and A ~ 0{1/Nc). The individual spin product Sj ■ Sj {i,j = u,d,s) in fl35|l 
or fl37|l is 3/4 if the spins of the quark(i and j) are parallel and —3/4 they 
are anti-parallel. 

Knowing the wavefunction (IT^ solved in the section 3 and the resulted 
energies = ]Vf0 gjyg^ py ^ using and (15^ , one can 

map the masses of the octet and decuplet baryons using (15^ . Our results 
for the optimal £t of gt and A in fl33|l are 

gt= 1.571, A = 0.000243, 

with the corresponding masses fl35|l calculated for the parameters in Table I 
listed in the Table II. 

TABLE II. The calculated baryon masses are compared with experiment (in 
MeV/c?) when = 3. The values for ’t Hooft coupling and mass splitting 
coefficients in our work are gt = 1.571 and A = 0.000243, respectively. 


Baryon 

This work 

NQM[5D] 

ChBMdZ] 

Instance [57] 

Exp. [55] 

N 

939.0 

960 

938 

938 

938.9 

A 

1114.0 

1115 

1149 

1116 

1115.7 

E 

1117.4 

1190 

1211 

1184 

1193.1 

717 

1291.0 

1305 

1369 

1329 

1318.1 

A 

1232.0 

1230 

1205 

1239 

1232.0 

E* 

1405.3 

1370 

1370 

1383 

1384.6 

TT* 

1580.3 

1505 

1531 

1528 

1533.4 

Q 

1752.9 

1635 

1683 

1672 

1672.5 


6 Summary and concluding remark 

We studied the’t Hooft coupling and the baryon masses hyperfine splittings 
of the ground state baryons in a chiral quark model inspired by the large- 
Nc QCD. The Hartree picture of baryon at large W is used to map the masses 
of octet and decuplet baryons in the ground states. The ’t Hooft coupling 
gt that reproduces data of masses is found to be about 1.57. We believe 
that this gives an indication that in Weinberg’s effective field theory, the ‘t 
Hooft coupling gt becomes small in the sense that g^/AirNc -C 1 at moderate 
energies. 
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The fact that the quantum numbers and the group theoretic structure of 
baryons in the Skyrme model is identical to that of the naive quark model 
at large iVc [39] implies some yet unknown connection between the two. We 
hope that the large-W chiral model considered in this paper will enhance 
this connection, as indicated by fl35|l . flT7|l and fl38|l . in the sense that both 
fit well into the large N formula fl39p . 
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Appendix A 

We write the smeared matrix element {ij \c({rij)p^{rij) \ ij) in fl27|l as 

d 6 ism{ 6 i)d 62 sin(6'2) j dridr2rlrl\(j)i{ri)\‘^\(j)j{r2)\‘^ 

X a(|ri -rsDp^dri - raj), 

where rfj = |ri — rap = r^ + r| — 2 rira cos( 6'2 — 6 ^ 1 ) when one choose the frame 
(ri, 9i, ipi) and (ri, 9i, ip^) so that the three vector ri, ra, z in the same plane. 
Make a change of variables from {ri,9i,ipi) and {ri,9i,ipi) to {ri,9i,ipi) 
and (ri, 6'2 — 6 ^ 1 , <^ 92 ), and performing the integration, one gets fl5(l . with 
Ui{ri,r 2 ) given by fl32|l . Similarly, one can get fl3Tll for {ij \c({rij)p^{rij)\ij). 
Here, we give the alternative expressions for flHOjl . fl3l|l and fl32ll . with the 
integration over the dimensionless variable = r/L, which are convenient 
for the numerical computation of mass splittings. 


W f 

(4vr)2 io 


(p ^ {DL)^a^ 
ij ^3/2 



A2) ^ {DLf 
dvr 



dzidz2\(l)i{zi)\‘^\(j)Az2)\‘^e ^ Z2) 


dzidz2\(l)i{zi)\^\(j)j{z2)\‘^U2{zi,Z2) 


Ui{zi,Z 2 ) 
U 2 {zi, Z 2 ) 
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